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A B S T R A C T

The uranium (U) isotopic composition (δ238U) of limestones is increasingly used to quantitatively track changes in paleoredox conditions of the global ocean.
However, many limestones have undergone signiﬁcant dolomitization during diagenesis. To assess the potential impact of diagenetic changes on the U isotope
composition of dolomitized rocks, we examined the uranium isotopic composition of a Jurassic carbonate platform of the Franconian Alb in Southern Germany. This
platform underwent dolomitization during shallow burial due to the supply of magnesium-rich ﬂuids in the form of slightly modiﬁed seawater. This type of
dolomitization is common in the geologic record. The carbonate platform of the Franconian Alb can therefore serve as an example for many dolomitized carbonate
platforms.
A positive correlation between the concentrations of redox sensitive elements (e.g., Re and V) and δ238U conﬁrms that the authigenic uptake of U under reducing
conditions preferentially incorporates U enriched in 238U. This positive correlation between redox sensitive elements and δ238U does not change within the dolomitized interval, suggesting that the δ238U is not altered during shallow burial dolomitization of limestones. Therefore, our results indicate that dolostones can retain
information about secular variations in seawater δ238U.
The diagenetic uptake of U shifts δ238U of bulk carbonate sediments to values heavier than contemporaneous seawater. The magnitude of this oﬀset correlates with
the level of authigenic enrichment of redox sensitive elements in our sample set. Samples with high Re and V concentrations and high Re/Mo ratios are the most
enriched in 238U. This positive correlation could be used to constrain the amount of diagenetic oﬀset of bulk δ238U values from seawater. This is particularly
important in carbonate systems that had a primary calcitic mineralogy. Primary calcite precipitates have low U concentrations and so small amounts of 238U uptake
during diagenesis can have a signiﬁcant impact on the bulk composition.
The samples with the most depleted δ238U values have high Mo concentrations and low Re/Mo ratios. As carbonate sediments are generally Mo poor, the high Mo
concentrations suggests that the depleted δ238U values might be linked to a manganese cycle that operated across the sediment-water interface during the deposition
of this Jurassic carbonate platform.

1. Introduction
Uranium (U) isotopes fractionate in a mass-dependent manner in
natural environments (see Andersen et al., 2017 for a recent review).
The largest magnitude of fractionation is caused by redox reactions and
it has been suggested that the redox state of the global ocean can be
tracked through time by measuring 238U/235U ratios of limestones and
organic-rich shales (e.g., Andersen et al., 2014; Brennecka et al., 2011a;
Dahl et al., 2014; Elrick et al., 2017; Hood et al., 2016; Kendall et al.,
2013; Weyer et al., 2008). The U isotope system in modern settings
have been studied to calibrate δ238U values as a redox proxy (e.g.,
Andersen et al., 2014; Bura-Nakic et al., 2018; Holmden et al., 2015;
Noordmann et al., 2015; Romaniello et al., 2013). Modern studies improve the framework for interpreting U isotope records by unraveling
some of the fundamental controls that govern the sequestration of U
⁎

into sediments. However, not all processes can be studied in modern
environments because many geological processes operate either on
timescales beyond the temporal range of observation or generally do
not occur in surface environments. One such process is dolomitization.
It is important to establish whether dolomitization during diagenesis resets the U isotopic composition of dolomitized limestones because
many limestone deposits have been dolomitized. While dolomite occurs
in considerable quantities in the geological record, it is much less
common in modern depositional settings (Land, 1998). Currently, not
much is known about the eﬀect of dolomitization on the U isotopic
composition of limestones (Andersen et al., 2017). Romaniello et al.
(2013), for instance, studied sediment from a tidal pond that was proposed to have undergone dolomitization during the last sea-level lowstand. The data demonstrated a shift to U isotope values much lower
than seawater and suggested that the δ238U of bulk sediments is altered
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Fig. 1. Generalized facies distribution and paleogeographic
setting of Southern Germany and adjacent areas during the
Kimmeridgian (redrawn from Schmid et al., 2005). Prior to
the Alpine orogeny, the Franconian and Swabian carbonate
platforms were situated along the shelf edge at the northern
margin of the Tethyan ocean. Star marks location of the
Moosburg drill site.

have a large impact on the U isotopic composition of the bulk sediments.

during the dolomitization process. Similarly, Stirling et al. (2007) reported a relatively light uranium isotopic composition (−0.83‰) for
dolomite chimney deposits. Using the canonical interpretation of the
δ238U proxy, such shifts to lower δ238U values in dolomitized ancient
rocks would be misinterpreted as recording an expansion of global
marine anoxia.
To assess how dolomitization aﬀects the U isotopic composition of
limestones, we analyzed the U isotopic composition of Upper Jurassic
limestones and dolostones from the Moosburg core from Southern
Germany (Figs. 1 and 2). This core has been studied previously and the
depositional and diagenetic history has been documented (Böhm et al.,
2011; Meyer, 1994). The interval chosen is well suited for evaluating
the impact of diagenetic alteration on the U isotopic composition of
epicontinental carbonate platforms, as dolomitized and undolomitized
intervals occur within a few meters of each other (Figs. 3–5). The dolomitized strata occur in thin, stratigraphically conﬁned intervals. The
approximately 100 m thick Malm zeta 3–5 interval was deposited in a
short time (< 1 myr; Hofmann et al., 2014; Schmid et al., 2005), during
stable global environmental conditions during the Late Jurassic
(Jenkyns et al., 2012). Due to the short, environmentally stable temporal period captured in these meter scale dolostone-limestone alterations (Fig. 4), it is unlikely there is substantial secular changes of the
seawater δ238U reservoir during those intervals as U has a residence of
~500 ky (Dunk et al., 2002).
In addition to assessing the dolomitization eﬀects, this study also
evaluates the sensitivity of the U isotope system to the authigenic uptake of U in deposits with a primary calcite mineralogy and evaluates
the diagenetic history with sedimentary petrography and XRD. This
carbonate platform was deposited during a time period that precipitated predominantly calcite (i.e., “calcite sea”). with low U content
(Porter, 2010; Vulpius and Kiessling, 2017). As calcite has a lower U
content than aragonite, small amounts of authigenic enrichment can

2. Geological background
The study area is situated in the Bavarian Molasse Basin (Fig. 1).
During the Late Jurassic (prior to the Alpine Orogeny), the study area
was part of a shallow, epicontinental sea in warm tropical-to-subtropical latitudes. It was situated between the Tethyan Ocean to the
South and extensive islands to the North (Fig. 1) and approximately
600 m of limestones were deposited (Pienkowski et al., 2008; Schmid
et al., 2005). The carbonate platforms of the Swabian and Franconian
Albs are dominated by two distinct facies zones (Gwinner, 1976;
Schmid et al., 2005). First, the basin facies are characterized by bedded
limestones and interbedded marls (“normal facies”). Second, the reef
facies is often massive with no obvious (or very irregular) bedding
planes (“massive facies”). The interbedded limestones and marls generally form the basinal facies between diﬀerent reef structures and can
either interﬁnger with the reef facies or onlap onto the reefs ﬂanks
(Fig. 2). Siliciclastic sediment was washed in from the North during this
time period (Schmid et al., 2005).
The samples were obtained from the Moosburg 4 core (Fig. 2),
which spans 587 m of Lower Cretaceous and Upper Jurassic rocks. It
was drilled into the transition zone between the normal facies and the
massive facies (Meyer, 1994). Böhm et al. (2011) and Meyer (1994)
published detailed lithostratigraphic descriptions of this core.
The majority of the samples were taken from the Malm zeta 4 and
Malm zeta 5 intervals. These intervals experienced various degrees of
dolomitization (Figs. 3, 5; Supplementary material). In order to establish a contextual geochemical baseline, a few samples were analyzed
from the Malm zeta 3 interval and the Cretaceous Purbeck Formation
prior to the samples of the main study. Oolitic grainstones and oncoidal
Fig. 2. Stratigraphy and facies interpretation of the Moosburg and adjacent areas
(redrawn from Meyer, 1994). A) Paleogeographic setting during the Malm Zeta 3 interval. Star marks approximate location of
the Moosburg drill site. B) Geologic cross
section through the Mühldorf Trough
showing facies relationship of basinal facies
and dolomitic reef facies.
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Fig. 3. Lithofacies and stratigraphy of the
Moosburg core (adapted from Meyer,
1994). Core depth is given as meters below
surface Thin section pictures of diﬀerent
intervals showing representative microfacies types and diﬀerent magnitudes of
dolomitization. A) Undolomitized oncoidal
grainstone (KM200020: depth –1099.6 m),
B) slightly dolomitized peloidal mudstone
with ﬂoating dolomite rhombs (KM230230:
depth –1128.1 m), C) dolomitized mudstone
with
interlocking
dolomite
rhombs
(KM250120: depth –1139.3 m)). This section locations are indicated with corresponding letters on the stratigraphic
column. Uranium isotope samples are indicated with black circles on the stratigraphic column.

3. Analytical methods

grainstones are the main lithology of the limestones of the Purbeck
Formation (Fig. 3 A and SOM Fig. 1 A). Interbedded laminated marl
layers are common. The limestones of the Malm zeta 4 and 5 intervals
are component rich limestones that display a high diversity of biogenic
material (SOM Fig. 1 C-I). The limestones are generally micritic, often
peloidal, and contain a high abundance of microfossils. The limestones
of the Malm zeta 3 interval are generally micritic, have abundant marly
interlayers, and stylolites (SOM Fig. 1 S-V).
Reinhold (1998) demonstrated that Mg-rich, slightly altered seawater drove the dominant, large-scale dolomitization for our studied
sequence. This ﬂuid was expelled from basinal marl-limestone alternations during compaction and pumped through the carbonate platform
during the latest Jurassic to earliest Cretaceous (Fritz, 1966; Koch et al.,
1994; Reinhold, 1998). Reinhold (1998) showed that this dolomitizing
ﬂuid was similar in elemental composition to the seawater from which
the calcium carbonates precipitated. Additional interaction during later
burial with modiﬁed seawater or mixed meteoric/marine water led to
widespread recrystallization of preexisting dolomite. Critically,
Reinhold (1998) showed that this recrystallization did not reset the
trace elemental composition of the dolomite.

3.1. Uranium isotope and trace elemental analyses
Trace elemental and uranium isotope analyses were performed in
the W. M. Keck Foundation Laboratory for Environmental
Biogeochemistry at Arizona State University. Samples for U isotopes
were processed using standard trace-metal-clean techniques. Aliquots
of powdered samples were weighed into acid-washed ceramic crucibles,
covered, and ashed for 24 h at 750 °C. Following dissolution in 3 M
nitric acid, major and trace element concentrations were determined on
sample aliquots at ~1:4000 dilution using a Thermo X-series 2 quadrupole ICP-MS.
Sample aliquots containing approximately 500 ng U were spiked
with IRMM 3636 233U-236U double-spike and puriﬁed using the
Eichrom UTEVA resin protocol according to Weyer et al. (2008).
238
U/235U ratios and ﬁnal U concentrations (via isotope dilution) were
determined at a ﬁnal concentration of 50–75 ppb on a Thermo Neptune
MC-ICP-MS equipped with an ESI Apex desolvating nebulizer. External
reproducibility of δ238U for four aliquots of CRM145 standard processed in parallel with study samples was within 0.00 ± 0.05‰ (2sd).
Replicate analyses of bracketing CRM145 gave a value of
0.00 ± 0.05‰ (2 sd, n = 24). Analyses of a secondary standard,
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Fig. 4. Core photographs of a dolomite-to-unaltered limestone transition in the Moosburg core. Note that fully dolomitized intervals (fully dolomitized KM250210)
are in close proximity with unaltered limestones (KM250460).

CRM129a, yielded −1.65 ± 0.07‰ (2 sd, n = 2), and the in-house
Ricca standard was −0.20 ± 0.03‰ (2 sd, n = 2).

Lampeter, UK) and dried in an oven for 12 h at 75 °C. Sample vials were
sealed and ﬂushed with 99.999% He for 2 min at ﬂow rate 80 mL/min.
Samples were analyzed using a 96-position Thermo Scientiﬁc Gas
Bench II, with the heating block of the gasbench maintained at 72 °C.
Samples were acidiﬁed by manual injection with approximately 100 μL
of concentrated phosphoric acid (density = 1.92 g/mL; kept at 75 °C in
oven). Samples were reacted for 3 h prior to passage of the CO2 sample
stream through a Naﬁon water trap and GC Gas Bench. Isotope ratios
were determined on Delta V Advantage mass spectrometer. A working

3.2. Carbon and oxygen isotope analysis
Stable isotope analysis of carbonate was performed at the OxyAnion Stable Isotope Consortium (OASIC) at the Louisiana State
University. Approximately 0.2 mg of powdered carbonate samples were
loaded into 12 mL borosilicate glass Exetainer vials (Labco Ltd.,

Fig. 5. Uranium isotopes (including 2σ error bars), uranium concentrations, dolomite percent (from semi-quantitative XRD analysis), carbon isotopes, oxygen
isotopes, molybdenum concentrations, manganese concentrations, total organic content (TOC), and mineral carbon content (MinC%) in the Moosburg core.
Dolomitized horizon is highlighted in orange. Lithologies as in Fig. 3.
44

Chemical Geology 497 (2018) 41–53

A.D. Herrmann et al.

interval and the lower part of the Malm zeta 4 interval have an average
isotopic composition of −0.29 ± 0.09‰ (n = 4; errors reported as 2
sigma standard deviations). In the upper part of the Malm zeta 4 interval the U isotopes shift to lower values (n = 2; average of
−0.60 ± 0.04‰). In the lower part of the Malm zeta 5 interval the U
isotopes shift to higher values and have an average of 0.09 ± 0.12‰
(n = 6) with a maximum value of 0.23‰. In the upper part of the Malm
zeta 5 interval U isotopes shift to lower values again (n = 5; average of
−0.27 ± 0.22‰), reaching a minimum of −0.65‰ in the uppermost
sample. The average of the samples from the overlying Purbeck Formation (n = 2) is −0.22 ± 0.12‰.

standard (marble calibrated against NBS-19 and LSVEC) were run every
10 samples. The δ13C and δ18O of the working standard is 2.57‰ and
–4.31‰, respectively (VPDB). The external precision (1σ) is better than
0.04% for δ13C and 0.1‰ for δ18O for sample sizes > 200 μg.
3.3. Rock eval pyrolysis and XRD analyses
Rock Eval pyrolysis analyses were performed in the School of
Geosciences at the University of Louisiana-Lafayette using a Vinci
Technology Rock-Eval 6 instrument to establish the total organic
carbon and inorganic carbon content of the samples.
XRD analyses were performed in the Shared Instrument Facility at
Louisiana State University using a PANayltical Empyrean XRD instrument. HighScore Plus v4.5 was used for converting the XRD data to
ﬁxed divergence slit. Semi-quantitative analysis for determining calcite
and dolomite content was performed using Match! and FullProf (refer
to SOP for analytical details).

4.2. Redox sensitive elements
Redox sensitive trace elements (Table 2), in particular uranium and
molybdenum, are often used to reconstruct paleoredox conditions
(Tribovillard et al., 2006a). U concentrations of the Malm zeta 3 and
Malm zeta 4 intervals average 0.87 ± 0.26 ppm (n = 12; errors reported as 2 sigma standard deviations) and are generally constant
within a range of 0.52 ppm and 1.39 ppm (Figs. 5 and 6). At the base of
the Malm zeta 5 interval, the U concentrations transiently increase to a
maximum of 5.73 ppm before declining up section in this interval. U
concentrations decrease in the Purbeck Formation and have an average
of 1.23 ppm ± 0.18 ppm. Overall, linear, positive relationships exist
between the U isotopic composition and the amounts of uranium,
rhenium, molybdenum, and vanadium (Fig. 6) for samples with a uranium isotopic composition greater than −0.4‰.
In general, Mo concentrations mirror those of U with two notable
exceptions (Fig. 6B). The Mo concentrations are low in the Malm zeta 3
interval and the lower part of the Malm zeta 4 interval (average:
0.38 ± 0.15 ppm). However, at the top of the Malm zeta 4 interval, the
Mo concentrations increase to a maximum of 3.29 ppm. Similar to the U
concentrations, Mo concentrations are also elevated in the Malm zeta 5
interval as compared to the Malm zeta 3 interval (average of

4. Results
4.1. Uranium isotopes
The reduction of soluble U(VI) to insoluble U(IV) leads to the sequestration of U into the marine sediment (Klinkhammer and Palmer,
1991). This authigenic U is generally enriched in 238U compared to
seawater (Andersen et al., 2014; Andersen et al., 2016; Brennecka et al.,
2011a; Romaniello et al., 2013; Weyer et al., 2008). The preferential
incorporation of 238U leads to a secular change towards lighter values of
seawater during marine anoxic events. This shift is captured in the sedimentary record and can be used to quantitatively reconstruct changes
in ocean anoxia (Asael et al., 2013; Brennecka et al., 2011a; Dahl et al.,
2014; Kendall et al., 2013; Montoya-Pino et al., 2010).
Fig. 5 shows changes in the U isotopic composition of limestones
through the Moosburg 4 core (Table 1). U isotopes of the Malm zeta 3

Table 1
Uranium isotopic composition (and 1σ), calcite and dolomite percentages, total organic carbon content (TOC), insoluble residue percentages (Insoluble%) and
mineral carbon content (MinC%) of the studies samples. The external precision (1σ) is better than 0.04‰ for δ13C and 0.1‰ for δ18O.
Sample ID

Depth

δ238U ‰

std

Calcite%

KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM

−1099.6
−1102.3
−1128.1
−1128.9
−1130.4
−1132.3
−1135.7
−1139.3
−1140.2
−1141.6
−1142.7
−1144.9
−1147.6
−1148.4
−1147.2
−1150.4
−1153.4
−1158.3
−1159.9
−1161.7
−1163.0
−1165.0
−1166.2
−1168.4
−1170.6
−1173.3
−1174.4
−1174.8
−1176.3
−1191.0

−0.31
−0.13
−0.66
−0.13
−0.25
−0.10
−0.21
−0.07
−0.04
0.19
0.23
0.13
0.09
−0.05
0.23
−0.63
−0.57
−0.21
−0.33

0.03
0.08
0.09
0.07
0.07
0.13
0.06
0.04
0.18
0.09
0.07
0.13
0.06
0.05
0.27
0.06
0.15
0.06
0.05

98.5
98.4
44.7
97.6
63.8
86.8
47.2
10.2

−0.16

0.04

93.8
84.9
94.9
94.5

200020
200290
230230
230310
230460
230650
240150
250120
250210
250350
250460
250680
250950
251030
260010
260330
260630
270220
270380
270560
270690
270890
280110
280330
280545
280815
280930
290070
290220
320555

−0.36

0.04

−0.34

0.03

−0.35

0.08

68.2
96.5
97.6
93.6
94.1
97.3
97.3
92.6
98,3

84.7

Dolomite%

47.5
28.3
9.3
48.0
85.0
26.1
0.6
3.6
2.7

1.1

1.7
9.2
1.3
0.1

13.5

45

δ13C ‰

δ18O ‰

TOC

Insoluble%

MinC%

2.51
2.35
2.40
2.14
2.07
2.04
2.52
2.99

−4.05
−3.89
−3.08
−4.60
−4.43
−4.55
−2.18
−0.83

0.13
0.12
0.15

12.09
12.12
12.24

0.05
0.05
0.07

1.3
0.3
2.5
1.6
1.5
0.4
0.9
2.0

2.25
2.13
2.07
2.09
2.12
2.25
2.11
2.28
2.16

−4.16
−4.14
−5.24
−4.26
−4.55
−4.10
−4.59
−3.84
−4.16

0.16
0.14
0.05
0.07
0.13
0.06
0.15
0.08
0.16

0.4
1.1
1.1
3.1
0.0
0.0
2.6
1.9
7.5

12.29
12.17
12.15
12.23
12.08
12.23
12.17
12.25
12.09

2.39
2.33
2.30
2.46

−3.75
−3.70
−4.07
−3.68

2.99

2.45

12.27
12.54
13.00

0.25

8.4
1.3
5.6
3.9

−1.29

0.31

4.6

11.98

−3.68

0.27

3.00

12.21

0.08

12.25
11.78
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Table 2
Elemental geochemistry of the studies samples.
Sample ID

Mg [ppm]

Al [ppm]

Ca [ppm]

V [ppm]

Mn [ppm]

Rb [ppm]

Sr [ppm]

Mo [ppm]

Re [ppm]

Th [ppm]

U [ppm]

KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM
KM

2080
2362
39,374
2204
30,893
3816
32,298
130,203
110,767
11,708
3456
1932
2553
2086
2386
2589
3520
2675
3840
4734
5297
13,503
4808
4024
8875
11,751
6036
4526
5214
16,450

201
107
2208
110
255
53
155
285
234
149
139
48
84
57
53
177
557
226
3415
9495
1363
609
1105
2511
1916
2239
480
383
667
447

294,117
323,593
275,200
313,623
282,786
323,441
294,643
293,378
192,378
303,898
382,148
322,711
320,449
266,564
307,115
361,247
429,508
304,184
309,596
273,845
316,014
312,223
305,776
308,590
361,296
292,526
324,194
291,218
330,595
412,415

5
3
7
6
6
6
5
10
8
11
20
13
10
9
9
2
4
2
6
14
3
3
4
7
7
5
2
3
4
7

12
13
30
11
27
13
17
31
18
11
13
10
10
9
9
13
16
12
27
41
25
18
22
26
19
22
20
13
17
20

0.146
0.099
1.969
0.240
0.230
0.054
0.108
0.132
0.483
0.093
0.100
0.042
0.067
0.040
0.123
0.149
0.592
0.780
2.252
9.467
1.177
0.409
0.994
1.588
1.381
2.027
0.335
0.198
0.492
0.835

48
52
55
61
47
51
46
35
33
54
56
51
59
48
61
68
106
80
88
102
93
97
76
79
87
95
102
78
88
97

0.33
1.03
9.07
1.54
0.95
0.85
0.48
1.65
1.58
1.81
1.99
0.48
0.95
0.77
1.70
3.29
1.59
0.25
0.48
0.48
0.21
0.21
0.23
0.71
0.44
0.40
0.37
0.25
0.47
0.46

0.003
0.005
0.010
0.005
0.004
0.007
0.003
0.006
0.009
0.021
0.026
0.007
0.015
0.018
0.017
0.002
0.001
0.004
0.002
0.002
0.001
0.002
0.001
0.003
0.003
0.003
0.001
0.001
0.002
0.003

0.015
0.007
0.236
0.011
0.015
0.029
0.120
0.028
0.020
0.028
0.021
0.003
0.019
0.004
0.037
0.022
0.093
0.017
0.348
1.164
0.108
0.049
0.131
0.174
0.277
0.210
0.074
0.066
0.056
0.031

1.36
1.11
2.69
1.36
1.41
1.66
2.52
3.46
3.32
3.53
5.73
2.67
2.61
1.57
3.13
1.02
1.09
0.80
0.79
0.86
0.69
0.79
0.79
1.22
1.10
1.15
0.52
0.58
0.83
1.40

200020
200290
230230
230310
230460
230650
240150
250120
250210
250350
250460
250680
250950
251030
260010
260330
260630
270220
270380
270560
270690
270890
280110
280330
280545
280815
280930
290070
290220
320555

δ238Ubulk = f∗δ238Uprimary + (1 − f) ∗δ238Usiliciclastic

1.23 ± 0.54 ppm). However, in contrast to the U concentrations, Mo
concentrations exhibit the highest concentrations in the uppermost part
of the Malm zeta 5 interval (9.07 ppm). In the overlying Purbeck Formation, Mo concentrations are below 1 ppm.
While there is a general positive correlation between the U and Mo
concentrations, samples with a U isotopic composition lower than
−0.4‰ deviate from the overall correlation. This is evident in the
correlation plots of δ238U-[Mo] and δ238U-[Mo]/[U] (Fig. 6B and D).
The samples with the highest Mo/U ratio have the most depleted U
isotope values (Fig. 6).

where δ238Ubulk, δ238Uprimary (=−0.39‰) and δ238Usiliciclastic
(=–0.31‰) are U isotopic compositions of the altered bulk carbonate
rock, primary carbonate precipitates (Romaniello et al., 2013), dissolved siliciclastics (Weyer et al., 2008); f is the fraction of U from the
limestone phase. Using these values, a limestone that had an original
composition of seawater (=−0.39‰; Tissot and Dauphas, 2015),
would shift to −0.38‰ if the entire 3 wt% siliciclastic sediment were
digested. This suggests that the observed large positive uranium isotope
shifts cannot be explained by siliciclastic contamination especially since
most samples have far < 0.3 wt% Al. Furthermore, crustal contamination form dissolved siliciclastic material cannot explain the very light
uranium isotopes as crustal material has been shown to be heavier than
seawater.

4.3. Assessing leaching of siliciclastic material during sample preparation
Overall, no clay phases that could leach U during carbonate digestion are seen in the XRD analyses (SOM Fig. 1) and the studied carbonate leaches do not contain large amount of trace elements that
would suggest digestion of siliciclastic material (Fig. 7A,C). The lack of
a correlation between δ238U and Al (Fig. 7C) and U and Al (Fig. 7E)
suggests that U from leached siliciclastic material is insigniﬁcant and
did not contribute to the analyzed U pool. Overall, there appears to be
no correlation between the U isotope composition and elemental concentrations of elements indicative of siliciclastic input into the carbonate platform (Fig. 7). While some samples that have been measured for
δ238U have Al concentration of up to ~0.3 wt% (Table 2), a simple mass
balance would suggest that even complete dissolution of that amount of
uranium-bearing siliciclastics with near crustal abundance)
(~2.7 ppm U; ~8 wt% Al; Rudnick and Gao, 2003) and isotopic composition (~–0.3‰) cannot explain the isotope shifts of the bulk rock
when calcium carbonate with approximately 1 ppm U is dissolved. For
instance, using the sample with an Al concentration of 0.3 wt% as an
example (KM270360) and assuming that siliciclastic have 10% Al, the
rock would have been composed of 3% siliciclastics. At 2.7× the
concentration of U in the siliciclastics compared to the carbonate, for
complete dissolution of the siliciclastics, ~9% of the uranium would be
derived from the siliciclastics. Using the following mass balance model:

4.4. Total organic carbon
The studied carbonates are very organic carbon poor and total organic content ranges between 0.05 and 0.31 wt% (Fig. 7F; Table 1).
There is no correlation between total organic content and the uranium
isotopic composition.
4.5. Carbonate diagenesis
The degree of dolomitization of sample horizons was determined
with XRD analysis and petrographic observations (Fig. 5; Supplementary material). The samples with the highest degree of dolomitization
occur in the middle of the Malm zeta 5 interval (Figs. 3 and 5) and have
δ238U values of ~–0.05‰. There appears to be no correlation between
the degree of dolomitization (Table 3; Fig. 8E) and δ238U or uranium
concentrations (Fig. 8F).
There is no correlation between the uranium isotopic composition
and other proxies for carbonate diagenesis (Figs. 7 and 8). In particular,
while oxygen and carbon isotopes (Table 1, Fig. 8A and C) co-vary
strongly in some sample horizons with the degree of dolomitization,
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Fig. 6. Cross-plots of various redox sensitive elements
against uranium isotopes in the Jurassic rocks of the
Moosburg core. A) Uranium concentration, B) Molybdenum
concentration, C) Vanadium and Rhenium concentrations, D)
Molybdenum to Uranium ratio, E) Rhenium to Molybdenum
ratio, and F) Manganese concentrations. In panel B) correlation line is only for samples that have a uranium isotopic
composition higher than −0.4‰ C) Circles – Vanadium,
triangles – Re * 1000. Open diamonds are data from the
modern Bahamas for comparison (from Romaniello et al.,
2013). Note how samples below modern seawater values
deﬁne their own trend with regard to their Mo geochemistry.

supported by the lack of a correlation of total organic content and uranium isotopes in our sample set.
Previous studies indicate there is no measurable fractionation
during the precipitation by organisms (e.g., corals, calcareous algae) or
abiotic, primary carbonate components (e.g., ooids). (Romaniello et al.,
2013; Weyer et al., 2008). Furthermore, studies of modern depositional
environments demonstrated that a shift to higher uranium isotopic
composition of bulk samples is associated with an uptake of other redox
sensitive trace metals (Andersen et al., 2014; Andersen et al., 2017;
Romaniello et al., 2013; Romaniello et al., 2016; Weyer et al., 2008). In
our study, samples that show little evidence for reducing porewater
conditions and secondary authigenic uptake of U during deposition
(i.e., low [U], [V], and [Re]; Figs. 5 and 6) have an isotopic composition
close to modern seawater of −0.4‰ (Holmden et al., 2015; Weyer
et al., 2008). This is expected as there is no evidence for extensive
global anoxia during the Late Jurassic and the U isotopic composition of
seawater should have been similar to today. Therefore, we interpret
carbonates without signiﬁcant authigenic U sequestration to have a U
isotopic signature close to the contemporaneous seawater value, which
was very close to the value of modern seawater.

there is no correlation between stable isotopes (oxygen or carbon isotopes; Fig. 8B and D) with uranium isotopes.
5. Discussion
5.1. Redox environment and uranium isotopes
Romaniello et al. (2013) reported that the isotopic composition of
marine carbonate sediments in the Bahamas is controlled by two main
processes. First, bulk carbonate sediment contains U from primary
precipitates like calcium carbonate precipitating organisms and inorganically precipitated ooids. Second, bulk carbonate sediment contains authigenic U that is incorporated during early diagenesis. The
majority of the δ238U values of the carbonates from the Moosburg core
are consistent with these two processes. While organic matter can be a
major source of uranium in marine organic-rich shales (e.g., Anderson,
1982; Zheng et al., 2002), the very low total organic carbon content in
the sampled interval (maximum value of 0.31 wt%; Fig. 7, Table 1)
precludes the possibility that organic matter is a major reservoir for
uranium in these carbonates. Lack of organic matter-hosted uranium is
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Fig. 7. Cross-plots illustrating relationship between various proxies indicating leaching of U of siliciclastic material during sample preparation. A) Thorium concentration, B) Strontium concentration, and C) Aluminum concentration plotted against the uranium isotopic composition of the bulk sediment. D) Strontium vs.
Thorium concentrations, E) Uranium vs. Aluminum concentrations, and F) total organic carbon vs. the uranium isotopic composition of the bulk sediment. Open
symbols are data from the modern Bahamas for comparison when available (from Romaniello et al., 2013).

Table 3
Single isotope, two-source mixing model for the uptake of uranium during Calcite and Aragonite seas. This two-end member linear mixing model is formulated from
the following mass balance equation: δ238Ubulk = fauthigenic*δ238Uauthigenic + fprimary*δ238Uprimary. The correction factor is the isotopic oﬀset of the bulk sediment after
incorporation of authigenic U (sensu Romaniello et al., 2013).
Reducing porewater conditions

U concentration of primary precipitate [ppm]
Authigenic uptake [ppm]
U concentration of bulk sediment [ppm]
Fraction primary precipitate
Fraction authigenic
U isotopic composition of primary precipitate [‰]
U isotopic oﬀset of authigenic U from seawater [‰]
U isotopic of authigenic U [‰]
U isotopic composition of bulk sediment [‰]
Correction factor [‰]

Mn/Fe shuttle

Aragonite sea

Calcite sea

Aragonite sea

Calcite sea

3
1
4
0.75
0.25
−0.40
0.70
0.30
−0.23
0.18

0.8
1
1.8
0.44
0.56
−0.40
0.70
0.30
−0.01
0.39

3
0.5
3.5
0.86
0.14
−0.40
−0.25
−0.65
−0.44
−0.04

0.8
0.5
1.3
0.62
0.38
−0.40
−0.25
−0.65
−0.50
−0.10
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Fig. 8. Cross-plots illustrating relationships between carbon isotopes, oxygen isotopes, degree of dolomitization and U geochemistry of samples. A) Dolomite percent
vs. carbon isotopes, B) uranium isotopes vs. carbon isotopes, C) dolomite percent vs. oxygen isotopes, D) uranium isotopes vs. oxygen isotopes, E) uranium isotopes
vs. dolomite percent, and F) uranium concentrations vs. dolomite percent. Note the strong co-variation between oxygen and carbon isotopes but the lack of any
signiﬁcant co-variation with uranium isotopes. Dolomite percent estimates are based on XRD analyses.

paleo-seawater has to be reconstructed (Brennecka et al., 2011a;
Montoya-Pino et al., 2010). However, as the U isotopic composition of
bulk carbonate sediments reﬂects the mixing of two diﬀerent U pools,
the relative contribution of both pools to the bulk sediment need to be
determined. Given that the uranium isotopic composition of primary
calcium carbonate precipitates should be close to the precipitating ﬂuid
(Chen et al., 2016; Romaniello et al., 2013), the amount and isotopic
composition of the secondary, authigenic U pool determines how much
the bulk carbonate sediment is oﬀset from seawater values as the primary U pool is locked in the crystal structure during diagenesis. The
diagenetic U pool has been demonstrated to be controlled by diﬀerent
sediment oxygen penetration depths and porewater conditions
(Andersen et al., 2014; Andersen et al., 2016; Romaniello et al., 2013).
In depositional settings with partial U removal from porewater, the
observed isotopic shift of the bulk sediment can approach that of the
full reductive isotope fractionation factor. The exact value for this

In our study, carbonates that show a signiﬁcant uptake of authigenic
U are shifted to heavier U isotope values (Figs. 5 and 6A). This shift is
associated with the preferential uptake of authigenic 238U during the
reduction of U within sulﬁdic porewaters, as has been shown previously
in other siliciclastic and modern carbonate depositional environments
(Andersen et al., 2014; Romaniello et al., 2013). We interpret the positive correlation between redox sensitive elements and δ238U as conﬁrmation that during the authigenic uptake of U under reducing conditions, U enriched in 238U was incorporated into the Jurassic bulk
sediment, similar to processes described from the modern carbonate
depositional systems in the Bahamas (Romaniello et al., 2013). This is
also is supported by the observation that these previously calcitic sediments have 3–6× higher U concentrations than calcitic sediments
should have (Chung and Swart, 1990).
In order to quantitatively track changes in paleoredox conditions of
the global ocean using uranium isotopes, the U isotopic composition of
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Geochemically, four diﬀerent pathways can lead to the formation of
dolomite (see Machel, 2004; McKenzie and Vasconcelos, 2009; Warren,
2000 for detailed discussions of dolomitization models). First, dolomite
can form as a primary precipitate from seawater (Eq. (1)). Second,
dolomite can form as a secondary replacement of calcium carbonate
through the replacement of calcium by magnesium (Eq. (2)). Third,
dolomitizing ﬂuids can provide both magnesium and carbonate ions
that lead to dolomitization (Eq. (3)). Lastly, primary dolomite can
precipitate during microbial activity (Eq. (4)).

fractionation factor is currently unknown, although Andersen et al.
(2014) suggested a value of 1.2‰ for the U reduction process in euxinic
sediments. This fractionation factor is in agreement with experimental
(Stylo et al., 2015) and theoretical studies (e.g., Abe et al., 2008;
Bigeleisen, 1996). Romaniello et al. (2013) suggested that based on
mass balance calculations, the authigenic U component in the carbonate sediments of the Bahamas is 0.6–1.2‰ heavier than seawater. Due
to the mixing of the two U pools, the bulk sediment in the Bahamas
have δ238U values that are 0.2–0.4‰ heavier than seawater
(Romaniello et al., 2013; Fig. 6a). Romaniello et al. (2013) suggested
that a “correction factor” of 0.2–0.4‰ should be applied to ancient
limestones in order to more accurately reconstruct seawater values.
However, as Romaniello et al. (2013) pointed out, this correction
should diﬀer in magnitude based on diﬀerences of authigenic uptake
between samples and is not a ﬁxed fractionation factor. The uncertainty
of 0.2‰ of this correction factor is almost equivalent to the secular
change of 0.25‰ that Brennecka et al. (2011) observed across the
Permian-Triassic extinction horizon and used to postulate a six-fold
increase in anoxic conditions. Similarly, using an average correction
factor of ~0.3‰ as a general oﬀset for all samples (e.g., Dahl et al.,
2014) might lead to an overestimation/underestimation by 0.1‰ for
individual samples.
The positive relationship between redox sensitive trace elements
and the U isotopic composition of modern Bahamian and Jurassic
limestones (Fig. 6 A) suggests that this correction factor could vary
based on relative concentrations of redox sensitive elements. It has long
been recognized that the Re/Mo ratio is indicative of oxic, suboxic, or
sulﬁdic depositional conditions (Colodner et al., 1995; Crusius et al.,
1996; Morford and Emerson, 1999). These studies suggest that Re/Mo
is elevated during the deposition under suboxic sediment porewater
conditions. Likewise, low Re/Mo indicates anoxic sediment porewater
conditions. Primary calcium carbonates generally have very low Mo
concentrations (generally below 1 ppm; e.g., Romaniello et al., 2016;
Voegelin et al., 2010). Under reducing conditions, Mo is sequestered
into the sediment leading to an enrichment of Mo in the bulk sediment
(Romaniello et al., 2016; Voegelin et al., 2010; Voegelin et al., 2009).
The suboxic character of the porewater (as indicated by the Re/Mo
ratio) therefore could have led to the partial removal of U and leading
towards the complete expression of the fractionation factor (Andersen
et al., 2014). This would cause the bulk carbonate sediment to have a
signiﬁcant oﬀset from seawater to higher values. When the removal of
U from the porewater is more complete, the magnitude of the δ238U
oﬀset from seawater of the bulk sediment diminishes. The lower δ238U
oﬀset from seawater in samples with low Re/Mo (i.e., permanently
euxinic or anoxic porewater conditions) in both modern and Jurassic
samples (Fig. 6E) support this trend. In sum, our data suggests that
samples with elevated Re/Mo might require a higher correction factor
than samples with lower Re/Mo ratios as their oﬀset from seawater is
larger (Fig. 6E). In addition, samples with low Re/Mo ratios and low
redox sensitive trace elements (e.g., V) might be a preferred archive for
U isotope in carbonate systems as they appear to track seawater values
more closely. Additional samples from other similar environments are
needed to further test this hypothesis.

Ca2 + + Mg2 + + 2CO32 −
2CaCO3 + Mg2 +

CaCO3 +

Mg2 +

+ CO3

→ CaMg(CO3 )2
→ CaMg(CO3 )2 + Ca2 +

2−

→ CaMg(CO3 )2

Ca2 + + Mg2 + + 2SO4 2 − + CH3 COOH

(1)
(2)
(3)

→ CaMg(CO3 )2 + H2 S

+ 2H2 O + 2CO2

(4)

Even though modern seawater is supersaturated with respect to
dolomite (Ries, 2010), neither extensive primary precipitation (Eq. (1)),
nor extensive syndepositional, secondary replacement (Eq. (2)) with
dolomite occurs in modern marine settings (McKenzie and Vasconcelos,
2009; Warren, 2000). It is only in very restricted, and often extreme
environments like hypersaline lakes and tidal ﬂats that dolomite formation occurs in the modern (Bontognali et al., 2010; van Lith et al.,
2002; Vasconcelos and McKenzie, 1997; Wright and Wacey, 2005).
Most dolomites and dolomitic limestones in the geologic record are
thought to be secondary replacements (Eqs. (2) and (3)). In most cases
it is assumed that the dolomitizing ﬂuid was seawater derived (Machel,
2004; McKenzie and Vasconcelos, 2009; Tucker and Wright, 1991;
Warren, 2000).
Depending on the dolomitization process, diﬀerent impacts on U
isotopes can be expected. For instance, preliminary evidence suggests
that leaching and weathering can lead to uranium isotope fractionation
(Hiess et al., 2012; Holmden et al., 2015; Stirling et al., 2007). Therefore, during the replacement of calcium by magnesium (Eq. (2)), which
is essentially leaching Ca out of the crystal structure, it is conceivable
the uranium chemistry of the bulk sediments changes during dolomitization as well. Alternatively, in dolomitizing ﬂuids of marine origin, U
can be present as it forms strongly-bound carbonate complexes (Chen
et al., 2016; Reeder et al., 2000). Thus, if both magnesium and carbonate are added (Eq. (3)), then the U isotopic composition of the bulk
should shift towards marine values. Furthermore, depending on the pH
of the ﬂuid, diﬀerent uranium complexes could be added that are
fractionated from the bulk ﬂuid (Chen et al., 2016).
The Moosburg 4 core underwent signiﬁcant diagenesis that included
dolomitization (Böhm et al., 2011; Böhm et al., 2012; Meyer, 1994).
This dolomitization event is manifested by the presence of dolomite
crystals in thin sections (Fig. 3; SOM Fig. 1) and the presence of dolomite peaks in the XRD spectra of some samples. Furthermore, the
carbon and oxygen isotopes (Figs. 5 and 8B, D) indicate signiﬁcant
diagenetic alteration of the limestone beds.
The stable isotopes of the carbonates of this study are within the
range of previously reported isotope values for Upper Jurassic dolomites from the Swabian and Franconian Alb (Liedmann, 1992;
Reinhold, 1998). The dolomitized samples have slightly lower oxygen
isotopes values than Late Jurassic seawater and carbon isotopes appear
to be in equilibrium with Late Jurassic seawater (Liedmann, 1992;
Reinhold, 1998). Overall, they plot most closely to the matrix dolomiteA of Reinhold (1998). In addition, petrographic observations (supplementary material) support the interpretation that the dolomites of the
Moosburg core are similar to the type of dolomitic sequence Reinhold
(1998) interpreted as abiotic precipitation from seawater as the positive
δ13C values exclude the inﬂuence of meteoric or mixed marine/meteoric water during precipitation. Taken together, the similarity of the
stable isotope geochemistry of the Moosburg core dolomites to the

5.2. Relationship between dolomitization and uranium isotopes
Stirling et al. (2007) reported a very low δ238U value for a dolomitic
sample that formed in a hypersaline lagoon in Brazil
(δ238U = −0.83‰). Similarly, Romaniello et al. (2013) found very low
U isotope values in dolomite-rich, tidal pond sediments and hypothesized that the low U isotopic composition was caused by the dolomitization process. Together, these studies suggest that dolomitization
could result in sediments that are depleted in 238U relative to seawater.
However, despite these two studies, not much is known about the inﬂuence of dolomitization on the U isotopic composition of carbonate
rocks.
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sediments, they have a lower U concentration (Fig. 6A) and other minor
and trace elements like Sr (Fig. 7B) that do not readily ﬁt into a calcite
crystal structure.
In the Moosburg core, limestones without secondary U uptake (i.e.,
low levels of redox sensitive elements) have very low U concentrations
(~0.8 ppm). While there is a range of U concentration in modern
marine biogenic calcium carbonates, U concentrations of the dominant
carbonate producing organisms in the Bahamas (e.g., calcareous green
algae) fall between 2.5 ppm and 3 ppm for modern marine U concentrations (Romaniello et al., 2013; Chung and Swart, 1990).
Romaniello et al. (2013) showed that, except for one sample with a
concentration of 2.99 ppm, all samples collected in modern, shallow
marine sediments have U concentrations far exceeding 3 ppm (Fig. 6A).
The overall low U concentrations of the Jurassic limestones of the
Moosburg core can be explained by their primary calcitic mineralogy.
This interpretation is supported by the low Sr concentrations (Fig. 8B).
However, even samples with evidence for diagenetic, secondary uptake
of U (high concentrations of redox sensitive elements; heavy U isotopes)
have U concentration well below 3 ppm (Fig. 6A). These concentrations
would not be considered elevated when compared to modern settings.
This suggests that when studying the U isotopic composition of ancient
limestones, U concentrations alone are not a good indicator to whether
the carbonate sediments have undergone secondary U enrichment.
In the Bahamas, the shift to heavier U isotopes of bulk carbonates is
accomplished by the syndepositional diagenetic uptake of 1–2 ppm U
enriched in 238U during the deposition prior to lithiﬁcation. The
Bahamian sediments have a predominately aragonitic mineralogy and
the observed shift is 0.2–0.4‰ towards higher values of the bulk sediment as compared to the primary precipitates (Romaniello et al.,
2013). Based on mass balance considerations (Table 3), an authigenic
uptake of a similar amount of 238U-enriched uranium (with an expressed fractionation of 0.6‰) during syndepositional diagenesis in
“calcite seas” sediments would shift the bulk values towards even
higher values due to the lower U concentrations of calcitic sediments
(Table 3). Thus, in carbonate sediments that have a primary calcitic
mineralogy, little authigenic enrichment would be necessary to produce
a large positive shift of the bulk sediment. This process explains why the
uranium isotopic composition approaches the enriched values of Bahamian carbonates while having much less U (Fig. 6A).
In conclusion, the U isotopes of carbonate sediments deposited
during “calcite sea” intervals (like the sediments from the Moosburg
core) are more sensitive to the uptake of secondary U enriched in 238U
that sediments deposited in aragonitic seas where the primary carbonate sediment has a higher U concentration. This could lead to an
overestimation of a change in the U isotopic composition of seawater in
response to a global anoxic event.

matrix dolomite-A of Reinhold (1998) suggest that magnesium for dolomitization was derived from slightly modiﬁed seawater.
The results of this study do not conﬁrm the hypothesis that dolomitization leads to lighter U isotopic composition of bulk sediments.
First, there is no correlation between the degree of dolomitization
(Figs. 5 and 8) and the U isotopic composition. Second, the samples
with the lowest δ238U values do not show any sign of dolomitization
(Figs. 3, 5, and 8). In fact, the samples with the highest degree of dolomitization have elevated δ238U values (average of −0.05‰). These
samples are within the zone of increased redox sensitive trace elements
and it therefore appears that the dolomitization did not aﬀect the primary U isotopic composition or the redox sensitive trace element concentrations.
While there is a signiﬁcant isotopic shift in oxygen and carbon
isotopes in dolomitized versus undolomitized carbonates in our study,
there is no co-variation between the δ13C and δ18O values and uranium
isotopes (Fig. 8 A–D). This suggests that the dolomitization process did
not reset the uranium geochemistry during dolomitization, despite
signiﬁcant changes in the stable isotopic composition. These results
conﬁrm the ﬁndings of Reinhold (1998) who showed that the dolomitization process did not alter the trace elemental composition of the
studied Jurassic carbonate platform. The lack of impact on the U geochemistry of the carbonates is consistent with the interpretation of
Swart (1988) who suggested that dolomites inherit their U geochemistry from original sedimentary components during dolomitization.
According to this model, during early dolomitization of carbonates by
seawater-like ﬂuids, the carbonate ions of the preexisting carbonate
fabric is preserved (Eq. (2)) due to the exceedingly low carbonate ion
concentration in seawater. As U is strongly complexed with carbonate
ions (Chen et al., 2016; Langmuir, 1978), the U geochemistry is also
preserved. While it appears that the model of retention of strongly
complexed U is in opposition to the observed shift in carbon isotopes, as
Swart (1988) points out, if the carbonate ions derived from the dolomitizing ﬂuid are in isotopic equilibrium with a larger bicarbonate reservoir, the precipitation of the precursor carbonate into dolomite can
shift the carbon isotopes. In conclusion, early dolomitization driven by
seawater-like ﬂuids with low carbonate ion concentrations can preserve
the U geochemistry and U isotopic composition of carbonate rocks.
5.3. Calcite and aragonite seas: sensitivity of primary calcitic carbonate
sediments to the uptake of secondary U enriched in 238U
In the modern ocean, both calcite and aragonite precipitate from
seawater (Chung and Swart, 1990; Romaniello et al., 2013). In an experimental study, Reeder et al. (2000) showed that when incorporated
into aragonite, U maintains its coordination and is likely incorporated
directly as (UO2(CO3)34−). As there is no coordination change when U
is incorporated into aragonite, aragonite can accommodate high
amounts of U (Chung and Swart, 1990; Romaniello et al., 2013).
However, when U is incorporated into calcite, there is likely a coordination change required for U to ﬁt into the calcite structure (Reeder
et al., 2000). This leads to overall lower U concentrations in calcite
(Chung and Swart, 1990; Romaniello et al., 2013; Russell et al., 1994).
Recently Chen et al. (2016) showed no isotopic oﬀset between precipitating ﬂuids and experimentally precipitated aragonite, but a slight
δ238U oﬀset to heavier uranium isotopes in experimentally precipitated
calcite. During some intervals in the geologic past, aragonite was undersaturated due to low Mg2+ concentrations in the ocean, and predominantly calcite precipitated during so-called “calcite sea” intervals
(Sandberg, 1983). The upper Jurassic rocks of Southern Germany were
deposited during such a “calcite sea” interval (Ries, 2010). Most recently, based on the geochemistry and preservation of ooids in Jurassic
deposits of Northern Italy, Vulpius and Kiessling (2017) demonstrated
that the aragonite–calcite sea transition in the Tethyan realm in this
area occurred in the Early Jurassic between the Sinemurian and
Pliensbachian. Therefore, compared to modern Bahamian carbonate

5.4. A Mn-shuttle for uranium isotopes in marine carbonate systems?
It has been demonstrated that the adsorption of U to Mn-oxyhydroxides can lead to isotope fractionation (Brennecka et al., 2011b; Goto
et al., 2014; Weyer et al., 2008). This fractionation leads to the adsorption of isotopically light U as compared to the ﬂuid phase. Gato
et al. (2014) for instance showed that uranium that is removed from
seawater to ferromanganese crusts is ∼0.24‰ lighter than that of
modern seawater. As such, the removal of U from seawater through Mn
oxides is a process that is associated with the second largest U isotope
fractionation in the modern marine system after redox controlled
fractionation. It is possible that manganese cycling across the sediment
water interface within marine porewaters could play a role in the accumulation of signiﬁcant amounts of isotopically light U in carbonate
systems, especially in sediments with a low primary U concentration. If
a sediment has a low initial U concentration, only a little authigenic U
uptake from a Mn shuttle mechanism could cause a signiﬁcant shift to
lighter U isotope values (Table 3).
Mn oxyhydroxides can precipitate and dissolve along dynamic
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sediments deposited during “calcite sea” intervals are more sensitive to
shifts because they have less primary U. While modern, unaltered
aragonitic carbonate sediments have a high U content that can approach 4 ppm, calcitic carbonate sediments often have < 1 ppm U
(Chung and Swart, 1990; Romaniello et al., 2013). Therefore, the authigenic uptake of U with a similar U isotopic composition and concentration as in the modern depositional systems will cause a relatively
larger shift to 238U enriched values. However, U concentrations of the
bulk sediments would not appear to be elevated. Taken together, this
demonstrates that it is critical that the original mineralogy of the sediment is evaluated, as U concentrations alone cannot be used to constrain the magnitude of secondary enrichment.
Our observation that Mo was preferentially sequestered in sediments with the lowest U isotopic composition (more depleted in 238U
than modern seawater) suggests that Mn shuttling across the sedimentwater interface might have played a role in the sequestration of 238U
depleted U. Potentially, this could have led to the transfer of isotopically light U into the sediments. Therefore, evaluating the Mo
geochemistry (especially Re/Mo and U/Mo ratios) can shed light on the
genesis of samples with unusually low U isotope values.
Additional work in modern settings and other dolomitized rocks
needs to establish a more complete dataset of diagenetic changes that
can lead to deviations of the bulk sediment from contemporaneous
ocean water. This study demonstrates that a close connection exists in
carbonate diagenesis between the U and Mo cycles that needs further
attention.

redox interfaces within coastal settings. This can set up intense Mn
cycling across redox boundaries (Algeo and Tribovillard, 2009;
Tribovillard et al., 2006b). This process would release U that is lighter
than the contemporaneous seawater. Therefore, isotopically light U
adsorbed to Mn-oxides could be preferentially transferred into sediments under reducing conditions when the Mn oxides dissolve and
could lead to bulk carbonate sediments that are depleted in 238U
compared to contemporaneous seawater.
Supporting evidence for the existence of such a shuttle in the
Jurassic sediments comes from the samples that have the lowest δ238U
values but anomalously high Mo concentrations and [U]/[Mo] ratios
(Fig. 6). In oxygenated ocean waters, Mo is present as the very stable
and unreactive molybdate ion (MoO42−). However, it has been demonstrated that the concentration of the otherwise conservatively behaving Mo can be drawn down in coastal waters due to Mn and Fe
shuttles (Dellwig et al., 2010; Kowalski et al., 2009). As Algeo and
Tribovillard (2009) discussed, diﬀerences between the geochemistry of
U and Mo can result in changes in relative abundances of these elements
in sedimentary rocks. According to this model, Mo concentrations are
enriched over U concentrations in settings that experience a Mn shuttle.
In our dataset, a positive relationship exists between the U isotopic
composition and the amount of U and Mo. The only samples that do not
conform to this trend are the three samples with the lowest U isotopic
composition (lower than −0.4‰). These samples have the highest Mo/
U and low Re/Mo ratios (Fig. 6; Table 2). In addition, the samples with
the lowest U isotopic composition do not have a positive correlation
between [U] and [Mo] (Fig. 6A, B). This indicates that a diﬀerent
process caused the preferential enrichment of Mo over U in these three
anomalous samples. It is important to note that samples with the lowest
δ238U values in the Bahamas are characterized by anomalously high Mo
and moderate U concentrations as well (Fig. 6B and D; Romaniello
et al., 2013). Furthermore, while there is no strong correlation between
Mn concentrations and U isotopes in the Jurassic dataset, the Bahamian
samples show a strong correlation. Samples with the highest Mn concentrations have the lowest U isotope values (Fig. 6F). Taken together,
these observations suggest that Mo was preferentially sequestered over
U into recent Bahamian and Jurassic samples with very low U isotope
values. The data is consistent with the existence of a Mn shuttle during
deposition of carbonate rocks that might impact the isotopic composition of limestones. This process might be especially apparent in sediments deposited during calcitic seas as they would be less buﬀered
against this authigenic U as the primary U concentration would have
been low. This could have led to the transfer of isotopically light U into
the sediments that signiﬁcantly altered the isotopic value of the bulk
sediment. Further work is needed to test this hypothesis.
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